Abstract-In this paper, an adaptive decentralized control scheme with a rotor-flux observer is proposed for the tracking control of robot manipulators actuated by current-fed induction motors. To cope with all parametric uncertainties in the electromechanical systems, an adaptive law is designed so that all the signals of closed-loop systems are bounded, and the tracking errors in position, velocity and rotor fluxes converge to a residual set.
I. INTRODUCTION
Due to their simple structures, high reliability, high power output, and low cost, induction motors are widely adopted in industrial applications. However, if induction motors are utilized as actuators for servo applications in robot manipulators, it is difficult to achieve highperformance manipulation actuation owing to the unavailability of measurement of the rotor flux and parametric uncertainty [6] , [7] . Because of important advances in power electronics, induction motors have recently been successfully operated in the current-command mode [2] . Then, one decentralized control approach for robot manipulators driven by current-fed induction motors has been proposed [4] . Although this approach only requires simple hardware for implementation due to its decentralization nature, it is applied without any parametric uncertainties of electromechanical systems, which is not convenient in practical applications. This paper proposes an adaptive decentralized control scheme for the tracking control of robot manipulators actuated by current-fed induction motors to overcome such a problem. This paper is organized as follows. Section II shows the dynamic model of a robot manipulator driven by current-fed induction motors. In Section III, the adaptive decentralized control scheme is developed. Section IV presents numerical studies on the first three-joint dynamics of a robot, PUMA 560, driven by current-fed induction motors. Finally, some concluding remarks are stated in Section V.
II. PROBLEM STATEMENT
Under the usual assumptions, such as linearity of the magnetic circuits, and equal inductances with negligible iron losses, for a general n-link rigid manipulator driven by current-fed induction motors, the dynamic model is derived as follows [4] :
T ∈ R n are the joint position and velocity of the robot manipu- 
, is the vector of torque input. This dynamic model has properties that will be used in the controller design [8] .
P1) The matrix D(q) is symmetric positive-definite and satisfies
for all t ≥ 0 denotes the desired joint position trajectory of robot manipulators, and let
. . , n}, is the desired trajectory of the rotor flux modulus of the ith induction motor. In this study, an adaptive decentralized control scheme is designed such that the joints of robot manipulators and rotor fluxes in the square modulus of each induction motor follow the desired profiles.
III. ADAPTIVE CONTROLLER DESIGN
For robot manipulators, the tracking position error is defined as e ≡ q − q d , and an auxiliary signal is defined s ≡ė + Λe, where the matrix Λ = diag(λ 1 , . . . , λ n ) > 0. From (1a), we havė
where the vector
is the disturbance in (2b). For induction motors, the tracking error of rotor fluxes is defined as e ψ ,i (t) ≡ ψ
. . , n}. Some technical assumptions are employed as follows.
A1) The signal q d ( · ) and the time derivativesq
A3) The pole number of each induction motor is given. A4) The signal Ψ d ,i ( · ), i ∈ {1, . . . , n}, and their derivatives are all bounded. Further, the signal The adaptive decentralized control law of the current inputs u i 1 ( · ) and u i 2 ( · ), i ∈ {1, . . . , n}, is defined as
where
and
. . , n}, being defined as
the signals A i 1 ( · ) and A i 2 ( · ), i ∈ {1, . . . , n}, being defined as 
where the signalŝ ψ i 1 ( · ) andψ i 2 ( · ) are the estimates of ψ i 1 ( · ) and ψ i 2 ( · ), respectively. The adaptive law for parametric uncertainty is designed asθ 
We adopt the norm of the vector-valued signals as follows: For signals 2 . A useful lemma is guaranteed now: 
T . (11)
Proof: The proof is referred to that in [5] and omitted here. The performance of the proposed scheme is given as follows.
Theorem 2: Under assumption (A1)-(A7), consider robotic manipulators driven by current-fed induction motors (1) with the control law, (4), flux observer, (8) , and adaptive law, (9). Then, all the signals are bounded, and further, the position tracking error e( · ), velocity tracking errorė( · ), and tracking error of the fluxes e ψ ,i ( · ), i ∈ {1, . . . , n}, will converge to a residue set whose size can be reduced by using the smaller w max and σ 1, max , where w max = max{w 1 , . . . , w n }, and σ 1, max = max{σ 1 1 , . . . , σ n 1 }.
Proof: The proof proceeds in the following four steps.
Step 1: Prove that if there exists a T > 0 such that s T exists, then the current inputs u i 1 (t) and u i 2 (t), i ∈ {1, . . . , n}, are well-defined for all t ∈ [0, T ], and z i (t) is monotonically decreasing from t = 0 to t = T . According to current inputs (4), and flux observer, (8), we haveż i = −2ρ i z, i ∈ {1, . . . , n}, which implies that z i (t) is monotonically decreasing from t = 0 to t = T so thatψ (A4) is valid. Since the updated parameter for induction motors are always bounded and positive, the current inputs given in (4) are well-defined for all t ∈ [0, T ].
Step 2: Prove that (1/2)
2 is monotonically decreasing from t = 0 to t = T . Consider the Laypunov-like function as
ComputingV 1 (t) yields that for all t ∈ [0, T ]
From (13), it follows that the statement in Step 2 is valid.
Step 3: Prove that the signal s( · ) are bounded. Consider the Laypunov-like function as
ComputingV 2 (t) yields thaṫ
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where property (P4) is applied. Hence, we havė
where τ adaptive,i , i ∈ {1, . . . , n}, is taken into to account. Now assume that the signal s( · ) is unbounded. Then there is always a smallest time T 1 ≥ 0 such that s(T 1 ) = l 1 for large l 1 ∈ R, and we havė
for all t ∈ [0, T 1 ], where Lemma 1 is applied. Considering a sufficiently lager l 1 and following the conclusion in Steps 1 and 2, it follows due to the first term in the right-hand side of (17) that the s(T 1 ) = l 1 is bounded, which is in contradiction with our previous assumption. Thus, the signal s( · ) is bounded.
Step 4: Prove that all the signals are bounded, and that the signals s( · ) and e ψ ,i ( · ), i ∈ {1, . . . , n}, converge asymptotically to a residual set whose size can be reduced by using smaller w max and σ 1, max . Now consider the Lyapunov-like function as follows:
where the constant θ * i 1 > 0, i ∈ {1, . . . , n}, is desirable but unknown for θ i 1 ( · ), i ∈ {1, . . . , n}. From the time derivative of (18) along the trajectories of the closed-loop system, we conclude that for sufficiently large θ * 
for all t ≥ 0, where θ 2, min = min{θ 1 2 , . . . , θ n 2 }. The inequality, (19), implies that the signals s( · ),
. . , n}, converge asymptotically to a residual set, centered at the zero, whose size can be reduced by w max and σ 1, max such that the signals e( · ),ė( · ), and e ψ ,i ( · ), i ∈ {1, . . . , n}, have the same converging property. Finally, since the signals in (5), (9b), and (9c) are bounded, all of the signals are bounded.
IV. SIMULATION RESULTS AND DISCUSSION
In order to demonstrate the performance of the proposed scheme, simulation studies on the first three-DOF of a robot, PUMA 560, driven by current-fed induction motors are discussed now [1] , [3] , [7] , in which the nominal value of the rotor resistance is 0.53 Ω. The rotor-resistance variation is the same as that in [6] . We consider the desired joint trajectory as
T where q d ,1 (t) = (π/4) − (π/4) cos((π/2)t) (rad), q d ,2 (t) = −(π/4) − (π/4) cos((π/2)t) (rad), and q d ,3 (t) = (π/4) + (π/4) cos((π/2)t)(rad). In addition, the flux reference signal
. The initial conditions of the electromechanical system in this simulation study were q 1 (0) = 0 (rad), q 2 (0) = −π/2 (rad), q 3 (0) = π/2 (rad), andq i (0) = 0 (rad/s), ψ i j (0) = 0 (wb), i ∈ {1, 2, 3}, j ∈ {2, 3}. The value of design parameters was shown in Table I . The initial conditions of the adaptive decentralized control scheme wereψ i j (0) = 1 (wb),θ i 1 (0) = 1,â i (0) = 11,m i (0) = 0.095, η i (0) = 5, ε i (0) = 0.5, i ∈ {1, 2, 3}, and j ∈ {1, 2}. Fig. 1 indicates that all of the tracking errors converge to a residual set, centered at the origin. Fig. 2 displays that all the currents inputs are bounded.
V. CONCLUSION
This paper proposed an adaptive decentralized control scheme with a rotor-flux observer for tracking control of robot manipulators actuated by current-fed induction motors was proposed. Due to the decentralized manner, it can be implemented with simple hardware. To handle parametric uncertainty in the electromechanical systems, an adaptive law was designed such that all of the signals are bounded and the tracking errors of position, velocity, and rotor fluxes converge to a residual set, centered at the origin, whose size can be reduced by using proper value of design parameters. A satisfactory numerical study of a robot, PUMA 560, driven by current-fed induction motors was provided to verify the effectiveness of the proposed scheme.
